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Abstract

Experiments in the Helicity Injected Torus-Steady Inductive (HIT-SI) spheromak have achieved
record spheromak current amplification during operation in deuterium plasmas. HIT-SI inves-
tigates steady inductive helicity injection to form and sustain an equilibrium in a high-beta
spheromak geometry using two semi-toroidal injectors. In each injector the toroidal flux and
induced loop voltage are sinusoidally oscillated in phase at a frequency of ∼ 15 kHz. During
standard operations the two HIT-SI injectors are 90◦ out of phase with each other, producing
a constant rate of overall helicity injection with all applied power delivered into the plasma,
rather than to the plasma facing surfaces. The lack of electrodes make HIT-SI an ideal platform
for clean studies of helicity injection current drive and current-profile relaxation. The HIT-SI
diagnostic suite includes: FIR interferometry, IDS, bolometry, high speed camera, flux loops,
and internal and surface magnetic probes. Recent operations in deuterium plasmas have pro-
duced toroidal plasma currents greater than 50 kA, current amplification (Itor/Iinj quad) > 3,
and poloidal flux amplification (ψpol/ψinj quad) > 10. High performance deuterium discharges
are achieved by initially conditioning the plasma-facing alumina surface of the HIT-SI con-
finement volume with helium plasmas. During subsequent deuterium operation the alumina
surface strongly pumps deuterium, thereby limiting the density in the confinement volume. Ad-
ditional measurements during high current deuterium discharges demonstrate reduced current
and electron density fluctuations, impurity O III ion temperatures up to 50 eV and a toroidal
current persistence for 0.6 ms after the injectors are shut off. Construction is underway on the
new HIT-SI3 configuration with three injectors mounted on the same side of the confinement
volume. The three-injector arrangement will allow the injectors to continuously drive current
more effectively, generate rotation of the equilibrium plasma, and also provide improved access
for diagnostics and neutral pumping. Progress and plans for the HIT-SI3 modification will be
presented. Work supported by USDoE and ARRA.

The Helicity Injected Torus-Steady Inductive (HIT-SI) [1] has achieved a major advance in
performance during deuterium operations. Deuterium plasmas have achieved toroidal currents
greater than 50 kA with current amplifications (ratio of the toroidal current to the injector currents)
greater than 3. Additionally, high performance deuterium discharges demonstrate reduced current
and electron density fluctuations, toroidal current persistence up to 0.65 ms after injector shut
off, and impurity ion temperatures up to 50 eV. Finally, construction on the HIT-SI3 upgrade is
underway, however the present HIT-SI configuration will continue to operate until at least the early
part of 2012.

The HIT-SI device investigates steady inductive helicity injection to form and sustain an equi-
librium in a high-beta spheromak geometry using two semi-toroidal injectors [2]. In each injector
the voltage and the flux are oscillated by driving current in a set of voltage and flux coils [3]. Two
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injectors oscillating 90◦ degrees out of phase from each other allows for a constant rate of total
helicity injection, K̇tot = 2Vinjψinj [4].
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Figure 1: Toroidal current in the confinement vol-
ume and line average electron density for three
shots with similar operational parameters. Shot
121959 is helium discharge just prior to deuterium
operation, and shots 121961 and 121963 are the
first and third deuterium shots after helium oper-
ations.

HIT-SI recently began operations with deu-
terium plasmas. However, the procedure
used to attain high performance deuterium
discharges requires an additional conditioning
step. The plasma facing surface of the HIT-
SI confinement volume consist of a thin coat of
alumina. Alumina was originally selected as a
plasma-facing material because it is an insulator
(this assures that HIT-SI is purely an inductive
experiment) and alumina is also very refractory.
We have since learned that alumina pumps deu-
terium very well when clean. Therefore, a tech-
nique was developed to complete a series of low
power helium discharges to initially clean the
alumina plasma facing surface and then imme-
diately follow up with high power deuterium
discharges.

Plotted in figure 1 is a series of three
shots with similar operational settings, one high
power helium discharge and the first and third
high power deuterium discharges after helium
operations. The upper panel of figure 1 charts
the toroidal current throughout the shot as measured by an array of surface magnetic probes em-
bedded in the flux conserver. The initial helium shot (plotted in black) attains a peak current of
about 20 kA early in the discharge while the first deuterium shot (plotted in red) has a sustained
current of about 40 kA late in the discharge. The sign of the toroidal current is not important in
this instance as the direction of the toroidal current is not controlled during dual injector opera-
tion. The third deuterium shot (plotted in blue) attains a similar peak current to the initial helium
discharge but quickly degrades in performance with large oscillations at the injector frequency. The
bottom panel in figure 1 is a plot of the electron density verse time for the same three shots as
measured by an FIR interferometer with an impact parameter very close to the magnetic axis. The
first deuterium shot clearly has a much lower density that either the helium or third deuterium shot
and this difference in density is attributed to the ability of alumina to pump deuterium immedi-
ately after helium conditioning. Finally, the large fluctuations in both the current and the electron
density seen during the third deuterium shot (plotted in blue) and to a lesser extent in the helium
shot in black are at the injector frequency of ∼ 15 kHz. By comparison, the fluctuations are much
reduced in the first deuterium shot and, this is believed to be related to the magnitude of the n=1
eigenstate in the confinement volume relative to the n=0 eigenstate.

Employing the technique of conditioning with helium prior to higher power deuterium opera-
tions has yielded a current amplification of 3, tying the record for spheromaks. One of the best
deuterium shots to date is illustrated in figure 2. The top two panels in figure 2 demonstrate
the injector loop voltages, and injector fluxes oscillating at the injector frequency of ∼ 15 kHz.
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Figure 2: HIT-SI parameters for a high perfor-
mance deuterium discharge achieving a current
amplification of 3.

The currents in each injector are shown in
the third panel from the top along with the
two injector currents added in quadrature (plot-
ted in black). It is the injector currents added
in quadrature (about 20 kA in this case) that
are used to calculate the current amplification.
These injector parameters result in up to 10
MW of injected power. The second panel from
the bottom shows this shot achieved a peak
toroidal current in the confinement region of
over 50 kA during the later part of the dis-
charge. Finally, the current amplification is
computed by simply taking the ratio of the
toroidal current to the injector currents added
in quadrature and smoothed over one injector
cycle. The current amplification is ∼ 3 during
the time of peak toroidal current and in this
case corresponds to a poloidal flux amplifica-
tion of > 10.

Other features that have been observed dur-
ing high performance deuterium shots include
significant toroidal current persistence after the
injectors are shut off. Figure 3 plots the toroidal current in the confinement volume verses time
for a shot where the injectors were turned off when the toroidal current was still increasing. The
green dashed line represents when the injectors were shut off, which is followed by a slow decay
of the total current lasting about 0.65 ms. Finally, impurity ion temperatures up to 50 eV during
the deuterium operations have also been observed in the confinement volume using ion Doppler
spectroscopy.
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Figure 3: HIT-SI toroidal current with current
persistence after injector shut off.

Previously, it was established that each in-
jector on HIT-SI has a preferred direction of
generated spheromak current, which is related
to the sign of the injected helicity and its ori-
entation relative to the confinement volume
[5]. An important conclusion from the pre-
ferred current analysis is that the present in-
jectors prefer to drive different directions of the
toroidal current for the same sign of injected
helicity. Therefore, we have begun work on a
modification to the HIT-SI experiment to relo-
cate the injectors to the same side of the con-
finement volume. Relocating the injectors gives
the same sign of preferred spheromak current
for the same sign of injected helicity and will
allow the injectors to work together to drive
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current.

Figure 4: Illustration of the new HIT-SI3 design
with three injectors.

Figure 4 is diagram of the new HIT-SI3
upgrade with all the injectors on the same
side of the confinement volume. Addition-
ally, the number of injectors is being increased
from two to three, in order to generate a ro-
tating magnetic structure at the injection fre-
quency. Plasma rotation has been observed
in conjunction with improved performance in
magnetic confinement possibly by preventing
resistive wall modes [6]. Further, advantages
to the new configuration include an improved
flux conserver- the smaller injectors will require
smaller openings and the backside (not visible
in figure 4) will simply be a solid plate with
small holes for improved diagnostic access. Ad-
ditionally, each injector is a self-contained mod-
ule for possible applications on to other pre-
existing plasma devices. Specifically, the volt-
age and flux coils have been added to the upper
injector in figure 4, demonstrating that the coils
will only lay on the injector and its flange and not on the confinement volume as is presently done
on HIT-SI.

In summary, recent HIT-SI operations with deuterium plasmas have yielded toroidal currents
greater than 50 kA with current amplifications of 3, tying the spheromak record. Additionally, high
performance discharges demonstrate reduced current and electron density fluctuations, a toroidal
current persistence of up to 0.65 ms after injector shut off and impurity ion temperatures up to 50
eV. Construction of the HIT-SI upgrade with three injectors on the same side of the confinement
volume is presently underway.
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